We report grating amplitude dependence of electroluminescence (EL) in organic light-emitting devices with onedimensional corrugated structure. Our proposed devices can emit light from both the top silver and bottom quartz side, and both exhibit amplitude-dependence EL enhancement. The effect of grating amplitude on the EL intensity has been studied experimentally and numerically to find out the optimal grating amplitude for the greatest EL enhancement. We deduce from the numerical simulations and experimental results that surface plasmon-polariton modes and waveguide modes are coupled out of the corrugated devices efficiently at the optimal amplitude; therefore, higher efficiency of light extraction could be realized.
It has been reported that up to 40% of the light produced in a typical planar organic light-emitting device (OLED) based on small molecules may be lost to SPP modes, and can be recovered by introducing an appropriate periodic corrugation onto the cathode surface [1] [2] [3] [4] [5] [6] . Surface plasmon polariton (SPP)-mediated emission from an OLED incorporating a periodic wavelength scale corrugation has been observed [7] [8] [9] [10] [11] [12] [13] , and the coupling through waveguide (WG) modes or Fabry-Perot (FP) modes can also attribute to the light extraction. When the periodic grating is introduced, besides the grating period, the grating amplitude is an important factor to affect the coupling efficiency. However, less attention has been paid to the grating amplitude effect.
In this Letter, a detailed experimental and numerical study of the grating amplitude effect on the emission efficiency of corrugated OLEDs is performed. By introducing one-dimensional (1D) corrugation, the EL intensity both from the top silver side and the bottom quartz side of the OLEDs is obviously enhanced. Optimal grating amplitude is determined to obtain the greatest EL intensity.
A 1D corrugation is introduced into a quartz substrate by a holographic lithography technique [12, 14, 15] . The corrugated quartz substrate is coated with a 150 nm thick indium-tin-oxide (ITO) layer as the anode by dc magnetron sputtering. Three layers are then vacuum deposited to form the device: 100 nm thick N,N'-diphenyl-N,N'-bis(1-naphthyl)-(1,1'-biphenyl)-4,4'-diamine (NPB) as the hole-transporting material, 80 nm thick tris-(8-hydroxyquinoline)aluminum (Alq 3 ) as the emitting material, and 50 nm thick silver layer as the cathode (Fig. 1) . Although a rough metal-dielectric surface may also support SPP, a grating structure with period of 550 nm is chosen in this work, which enables the control of the SPP peaks close to the emitting peak of Alq 3 to enhance the light extraction. Five OLEDs are fabricated with grating amplitude h [see Fig. 1(a) ] of 15 nm, 30 nm, 50 nm, 70 nm, and 85 nm, respectively, to examine the amplitude effect. For comparison, an uncorrugated device is fabricated on the planar region of the same quartz substrate, side by side with the corrugated device, which is also shown in Fig. 1(a) . The emitting area for all the devices is 2 mm in diameter.
To measure the performance of our devices, the samples are placed on a rotation stage with the grooves parallel to the rotation axis. An aperture is used to limit the angular acceptance to ∼1°. The drive voltage we apply to obtain the spectra for all flat and corrugated devices is 12 V.
The p-polarized emission spectra at θ ¼ 0°from the silver and quartz sides with different amplitudes are shown in Figs. 2(a) and 2(b), respectively. The same trends of EL from both the silver and quartz sides are observed that the EL intensity first increases until it reaches its maximum at h ¼ 70 nm and then decreases with further increase of the amplitude. The emission spectra of the silver side with different emission angles are illustrated in Fig. 2(c) , from which splitting of the original peak into two peaks can be observed with increase of θ. This is the characterization of the SPP or WG mode. Since the SPP has not much effect on the spontaneous emission of materials with high quantum efficiency [16, 17] , such as Alq 3 (∼30%), the grating effect is mainly on improving the external efficiency by outcoupling of the trapped optical modes.
We apply our in-house generated finite-difference timedomain (FDTD) codes to analyze the origins of the peaks in Fig. 2 . The main purpose of the simulation is to verify the enhancement induced by the SPP or WG mode in the EL spectra. The Drude model is chosen to deal with silver. The refractive indices of other materials (e.g., NPB) employed in OLEDs are measured by ellipsometry experimentally for the FDTD calculation. Period boundary conditions and perfectly matched layers are set along the x direction and y direction, respectively. The incident light is a modulated Gaussian pulse centered at 600 nm. The reflection, transmission, and absorption spectra can be obtained by Fourier transform. The spontaneous emission process in the Alq 3 layer is quite complicated, which is difficult to be modeled by the FDTD method directly. Here, instead of directly simulating the EL spectra, we set the incidence opposite to the EL direction in order to excite the same modes in our OLEDs. Then as the SPP (WG) mode can help enhance the absorption, our simulated absorption spectra may have the same peaks as the EL spectra, and this is the main idea of our simulations.
The simulated p-polarized absorption spectra from both the silver and quartz sides at θ ¼ 0°with different grating amplitudes are given in Figs. 3(a) and 3(b) , respectively. The peak wavelengths are basically consistent with those in Figs. 2(a) and 2(b) , while the negligible differences are attributed to the fabrication size variations and the FDTD calculation errors. Note that the spectra shape between the calculated absorption and measured EL emission is different. This is because the emission spectrum of the Alq 3 layer is not taken into consideration in the simulation. To investigate the mode profiles of the three peaks in Figs. 3(a) and 3(b) , we calculate the steady-state H z field intensity distribution Figs. 3(c)-3(e) , corresponding to the fields (c)-(e) in Figs. 3(a) and 3(b) with wavelength of 590 nm, 595 nm, and 510 nm, respectively. It is obvious from Fig. 3(c) that at a wavelength of 590 nm, coupling to the SPP mode at the Ag/Air interface is obtained together with the enhanced light extraction from the silver side. Meanwhile, from Figs. 3(d) and 3(e), at wavelengths of 595 nm and 510 nm, light can be coupled out of the quartz side more efficiently due to the coupling out of the SPP mode at the Ag=Alq 3 interface and the WG mode in the ITO layer, respectively. Moreover, as is illustrated by the black curve in Fig. 3(b) , the peak of our flat OLED is attributed to the FP effect in the ITO layer, with its H z field intensity of the TM mode drawn in Fig. 3(f) . The SPP and WG peak positions mainly decided by the grating period are close to the peak emission of Alq 3 (about 520 nm) in order to enhance the EL intensity. Now we can discuss more thoroughly about the grating amplitude effect. The trends of absorption intensity with respect to the grating amplitude in the silver side [ Fig. 3(a) ] and the quartz side [ Fig. 3(b) ] are different: the intensity of the SPP mode at the Ag/Air interface increases with the amplitude until it reaches its maximum at h ¼ 70 nm, which coincides with the experimental observation of the silver side. For the quartz side, the intensity of the related SPP mode at the Ag=Alq 3 interface and WG mode in the ITO layer both increase with the amplitude but without going through its maximum, which is not consistent with the present experiment. In our opinion, the greatest EL intensity corresponds to the strongest coupling of the light emitted from the Alq 3 layer to the SPP (WG) mode. However, with increased grating amplitude (higher than 70 nm in our experiment), the thickness variations for the following deposited electrode and organic functional layers would be increased, which may cause nonuniform current flow across the OLED materials and result in a degradation of the OLED performance. A redshift of SPP peak with increasing amplitude can be found, which is due to the increase of wavelength of the SPP mode because of surface corrugation. Based on the above discussion, the optimal grating amplitude is confirmed to be 70 nm, at which improved external efficiency by outcoupling of optical modes into free space is obtained.
Then we discuss the grating diffraction orders of the SPP (WG) mode to sustain our FDTD simulation. The condition of the coupling SPP (WG) mode to radiation mode in 1D grating OLEDs can be described by:
where λ SPPðWGÞ is the effective SPP (WG) wavelength, which equals to λ=n eff , n eff is the effective refractive index of the SPP (WG) mode, Λ is the grating period, and m is the grating diffraction order. The above equation is only applied for θ ¼ 0°. The physical sense of Eq. (1) is that one period of periodic relief should contain integer number of SPP (WG) wavelengths. The optical waveguide theory and transfer matrix method are applied to calculate the effective SPP (WG) wavelength. The main procedure is to solve the scalar Helmholtz equation and then apply the related boundary condition to get the total transfer matrix.
The simulation results are shown in Figs. 4(a) and 4(b), where the effective SPP (WG) wavelength is calculated with respect to the wavelength. In Fig. 4(a) , the blue and red curves represent the effective SPP wavelength of TM modes at the Ag/Air and Ag=Alq 3 interfaces, respectively, which increases with the increasing wavelength. So with a fixed m, there should be only one wavelength that satisfies Eq. (1). The wavelengths that meet the conditions at the Ag/Air and Ag=Alq 3 interfaces are marked by two white circles, corresponding to the first-order and second-order grating diffractions, respectively. Notice that the wavelengths obtained by the FDTD method and optical waveguide theory are close to each other, which supports the validity of both our calculations. The x direction normalized energy flows-S x component fields are given in the insets of Fig. 4(a) , from which the SPP modes supported by the Ag/Air and Ag=Alq 3 interfaces can be clearly seen. Figure 4 (b) plots the effective WG wavelength of both TM and TE modes supported by the ITO layer. The two marked white circles represent that the WG modes arise by the second-order grating diffractions, and insets for their S x fields. From the above mode analysis, our FDTD results are confirmed.
In summary, we have obtained enhanced EL from both top and bottom sides of the OLEDs with 1D corrugated structures. The grating amplitude effect is thoroughly studied and the optimal grating amplitude of 70 nm in experiment is determined to obtain the greatest EL intensity. The origins of the enhancement are found to be in relation with the excitation and coupling out of the SPP and WG modes via the FDTD method and optical waveguide theory. Since the optimal amplitude can help enhance the light absorption, it may find application as well in other types of optoelectronic devices, such as solar cells.
